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ABSTRACT

We present results from 14 nights of observations of Titan in 1996-1998 using
near-infrared (centered at 2.1 microns) speckle imaging at the 10-meter W.M. Keck
Telescope. The observations have a spatial resolution of 0.06 arcseconds. We detect
bright clouds on three days in October 1998, with a brightness about 0.5% of the
brightness of Titan. Using a 16-stream radiative transfer model (DISORT) to model
the central equatorial longitude of each image, we construct a suite of surface albedo
models parameterized by the optical depth of Titan’s hydrocarbon haze layer. From
this we conclude that Titan’s equatorial surface albedo has plausible values in the
range of 0-0.20. Titan’s minimum haze optical depth cannot be constrained from
this modeling, but an upper limit of 0.3 at this wavelength range is found. More
accurate determination of Titan’s surface albedo and haze optical depth, especially
at higher latitudes, will require a model that fully considers the 3-dimensional nature

of Titan’s atmosphere.



1. Introduction

Unlike other known planetary satellites, Titan possesses a thick (1.5 bars) at-
mosphere. Observations by Voyager I in 1980 (Smith et al. 1981) at visible wave-
lengths showed that Titan was covered by a hydrocarbon haze with a pronounced
north/south asymmetry, which hid the surface from view. However, Titan’s surface
can be imaged in the visible (at low contrast) and in the near-infrared at cer-
tain wavelengths where methane absorption windows occur. Thanks to new high-
resolution infrared imaging techniques, in the last decade we have learned some of
the details of Titan’s surface. Titan has been observed in visible and near-infrared
windows by the HST (Meier et al. 2000, Smith et al. 1996), and in the infrared
using adaptive optics technology (Combes et al. 1997, Coustenis et al. 2001). We
have previously published the results of our observations of Titan in 1996 (Gibbard

et al. 1999) using speckle imaging at the W.M. Keck Telescope.

The surface albedo of Titan is an important clue both to the present compo-
sition of its surface and to the history of Titan’s surface-atmosphere interactions.
Although theories (Lunine et al. 1983, Yung et al. 1984) predict that Titan’s
haze, produced by methane photolysis, should ‘rain out’ from the atmosphere to
produce a thick surface layer of liquid hydrocarbons (mainly ethane), near-infrared
and radar observations indicate that Titan does not possess a global ocean (e.g.
Muhleman et al. 1991,1995; Griffith et al. 1991). This implies that either there are
less hydrocarbons on the surface than theories predict (and possibly that Titan’s
atmosphere is not in a long-term steady-state; Lorenz et al. 1997a), or that the

hydrocarbon is stored in subsurface reservoirs.

Titan’s haze has a large optical depth at visible wavelengths which decreases



in the near-infrared. Titan’s haze optical depth varies as a function of latitude;
in 1996-1998 at 2 microns Titan’s atmosphere was brightest in the southern hemi-
sphere. Extrapolations from observations suggest that Titan’s haze infrared optical
depth in the south should have reached a maximum some time around 1995-1996,
with a subsequent decline predicted until 2010 (Lorenz et al. 1997b). Continuing
observations of Titan at multiple wavelengths are needed to determine how Titan’s

haze optical depth changes in time.

The work presented here expands on our previous observations, including full
longitude coverage of Titan at 2.1 microns for the period from 1996-1998. Using a
radiative transfer model (DISORT') we estimate the contribution to our images from
Titan’s atmosphere, and thus place limits on Titan’s plausible equatorial surface
albedo and atmospheric haze optical depth. Our goals in this paper are: (1) to
constrain Titan’s equatorial surface albedo at 2 microns, (2) to determine limits on
Titan’s haze optical depth in this wavelength range, and (3) to report on evidence
of the presence of clouds in Titan’s southern hemisphere similar to those recently
detected near Titan’s south pole (Roe et al. 2002, Brown et al. 2002), but occurring

several years earlier.

2. Observations and Data Reduction

Observations were made on September 6 1996, October 10-13 1997, July 27-
August 1 1998, and October 7-14 1998 (all dates UT) using the 10-m W.M. Keck I
Telescope and the 256 x 256 pixel NIRC camera in speckle imaging mode (Matthews
and Soifer 1994). The plate scale is 0.0203 arcseconds per pixel, which gives approx-
imately 40 pixels across the disk of Titan. The data reported here were obtained

in the K’ band (1.95um — 2.29um). This wavelength range includes both a strong



methane absorption band and a window where methane absorption is nearly zero,
so that light can penetrate to the surface. The spatial resolution we achieved was
typically 0.06 arcseconds, which is ~ 375 km on Titan’s surface. The observations

are summarized in Table 1.

[Table 1 here]

Each data set consists of 100 frames, each with an exposure time of 150 or 200
milliseconds. Each night’s data contains between 4 and 12 sets of 100 frames, so
that the total number of frames used in each night’s image is 400-1200. Each frame
also has 100 dark/bias exposures associated with it, which are used to calibrate
drifts in the DC bias level of NIRC’s electronics. Our procedure for preprocessing
the images, including sky and dark subtraction and destriping, was described in

Gibbard et al. 1999.

After preprocessing, the data were processed using speckle imaging techniques.
Speckle imaging is a high resolution technique that works well on bright objects such
as Titan. The idea is to take very short exposures to “freeze” the atmospheric tur-
bulence and capture the light while it is still forming coherent interference patterns
at the detector. The coherence patterns contain diffraction-limited information that
can subsequently be used to determine the object’s Fourier amplitudes and phases,
which are combined with an inverse Fourier transform to produce a diffraction-
limited image. Algorithms for the recovery of diffraction-limited information were
first introduced by Labeyrie (1970) for computing the Fourier amplitudes, or equiv-
alently the autocorrelation of the image, and extended to full image recovery by
Knox and Thompson (1974), Weigelt (1977), Lohmann et al. (1983), and Roddier
(1986), who recognized the similarity of the bispectrum imaging method to phase

closure techniques in radio interferometry.



Table 1 gives information on the number of individual exposures combined to
make up each image, the point spread function (PSF) star used, the photometric
standard star used to calculate Titan’s geometric albedo, the sub-Earth and sub-
solar latitude and longitudes in degrees, according to the 1997 IAU model (longitude
of 0 is the sub-Saturn point, and longitude increases to the left in each image), the
phase angle (Sun-Titan-Earth angle), the size of Titan’s disk as seen from the Earth,
and Titan’s K’ band geometric albedo for each date of observation. Figure 1 shows
the images obtained from speckle reconstruction of the data for each of the 14 nights
of observation.

[Figure 1 here]

The images have been rotated so that Titan north is up and increasing western
Titan longitude is to the left. Thus the ‘sunrise’ limb of Titan appears to the left

in each image.

In order to estimate the resolution of our data, we obtained speckle stacks of
images of stars within a few hours of our Titan observations. These image stacks
were then speckle processed in the same way as our Titan observations, using the
same PSF star that was used for the Titan reconstruction (there were thus two stars
observed for each night, one of which was used for the reconstruction and the other
to determine the resolution). The star images obtained are shown in fig 2.

[Figure 2 here]

We find that the typical full width at half maximum (FWHM) for these stars
is about 0.06 arcseconds, ranging from 0.058-0.07. This resolution is below the the-
oretical diffraction limit of 0.04 arcseconds at a wavelength of 2 microns, primarily

because the speckle processing technique, like other deconvolution algorithms, in-



troduces artifacts with over-application. We have chosen to minimize such artifacts

at the cost of somewhat lower resolution than the theoretical diffraction limit.

3. Detection of Clouds

There is considerable evidence for methane supersaturation on Titan (Courtin
et al. 1995, Samuelson et al. 1997), indicating that cloud formation is difficult. This
may be due to a combination of low temperature and lack of suitable condensation
nuclei. Tokano et al. (2001), who used a GCM to explore three-dimensional trans-
port of methane in Titan’s atmosphere, also found that methane supersaturation
of at least 150% was most in agreement with Voyager data. Under conditions of
supersaturation, their modeling predicts that condensation preferentially occurs at

low latitudes at an altitude of ~ 15 km.

The first observational evidence for tropospheric clouds on Titan came from
variations in spectra of Titan’s disk-integrated albedo (Griffith et al. 1998, 2000).
Such clouds have now been directly detected by Roe et al. (2002) and Brown
et al. (2002) using adaptive optics techniques with narrowband imaging on the
Gemini and Keck Telescopes in December 2001. These clouds were located near
Titan’s south pole. The brightest clouds were also detected in a broadband K’ filter,
although this filter is not the best choice for cloud searches due to the lower contrast
of the cloud features compared to their appearance in a narrower bandwith filter that
selectively probes Titan’s troposphere. Since Titan’s southern hemisphere was near
summer solstice at the time of these adaptive optics observations, the question arises
whether this season was optimal for cloud formation due to an increase in surface
temperature, and how far back in time such optimal cloud formation conditions

might have existed. To address this question we examined our data for evidence of



clouds.

Examination of our images from 14 nights of observation in 1996-1998 reveals
one night which shows the presence of a cloud, and two nights which suggest the
presence of clouds. Individual frames from the other nights were also examined
but no consistent pattern (the same bright feature appearing in the majority of
the speckle frames) was observed. Observations on October 14, 1998 show a bright
feature on the left side of the disk (fig. 1) in the southern hemisphere. A similar
feature is seen on October 9. On October 7 such a feature appears near the central
meridian. We have considered three possibilities for the origin of these features:
1) they are artifacts of the speckle reduction process (which would be random,
and would not appear at the same location in several frames), 2) they are surface

features, and 3) they are cloud features.

In order to test the first possibility we have examined the frame stacks used to
construct the images in fig. 1. The image from October 14 shown in fig. 1 was
constructed from 8 stacks of 100 frames each, which were averaged to produce the
final image. Figure 3 shows all 8 of the 100-frame stacks; the bright feature on the
left-hand limb appears in all of them, and is indeed the brightest feature in the
images.

[Figure 3 here]

We have also found that the bright feature seen on October 7 appears in all
the 100-frame stacks, but there were only 4 stacks taken on that night. The bright
feature seen on October 9, though it appears in 8 of the 10 100-frame stacks, is not
as clear a candidate as the October 14 feature since it does not appear in all the

frames, and it is not of consistent brightness.



Our rejection of these bright spots as surface features stems from the fact that
observations on other nights do not show these bright surface features. Data ob-
tained in 1999-2001 using adaptive optics (Gibbard et al. 2002) also do not show

evidence for bright surface features at these locations.

We have calculated the fraction of the light from Titan in the K’ filter that
is due to the presence of the features on these dates; for October 7 the fraction is
0.6%, 0.4% for October 9, and 0.5% for October 14. These are estimates based on
comparison with the opposite limb of Titan for October 9 and 14, and by comparison
with limb profiles for other nights in the case of the October 7 data (where the
feature occurs near the south pole). The daily clouds detected by Griffith et al.
(2000) were calculated to occur over < 1% of the satellite, while a cloud detected in
1995 was much brighter, covering 5-7% of the disk (Griffith et al. 1998). Since the
clouds appear to be resolved in our images, we can calculate a rough size estimate.
The procedure we follow is to first project the images onto a latitude/longitude grid.
We then convolve an artificial ‘bright spot’ of varying size with the observed PSF
for the night in question, and subtract this artificial spot, scaled to the brightness
of the bright feature, until the brightness is reduced to that of the opposite limb.
The size of the spot needed to accomplish this is taken as the rough size of the
bright feature. By this procedure we determined that the October 14 cloud has a
total area of approximately 18 pixels, or about 1% of of the disk area. The October
9 cloud has a similar size, while the October 7 cloud is somewhat larger, covering

about 1.5% of the disk.

4. Atmosphere Model

Since our data at K’ band contain contributions from Titan’s surface and at-



mosphere, it is necessary to model the data using a radiative transfer code that
simulates the absorption, reflection and scattering of photons from Titan’s surface
and atmosphere. We have in the past modeled Titan’s atmosphere using a 1-D
radiative transfer model (Gibbard et al. 1999). This type of model works well when
the atmospheric curvature is small, so that the incoming or outgoing parallel beam
of radiation has an angle of incidence with respect to the vertical direction of less
than 80°. However, these conditions are not met for high spatial resolution images
of Titan. Since the depth (~ 1000 km) of Titan’s atmosphere is comparable to
its radius (~ 2575 km), a 3-D radiative transfer model for the solar flux transport
within the atmosphere is necessary for a realistic simulation of the radiation flow in
Titan’s atmosphere near the limbs of the satellite (Lebonnois and Toublanc, 1999).
However, it is still true that 1-D models are appropriate near the center of Titan’s
disk, where the incoming or outgoing beams make only small angles to the vertical.
Since the central longitudes of our images range from 3-290°, we can, by modeling
the center of each image, obtain information about the near-equatorial haze optical

depth and surface albedo of Titan over most of the satellite’s longitude range.

Our modeling was done as follows: for each image the I/F (ratio of the observed
intensity I to 1/7 of the incoming solar radiation 7F) at the central meridian was
calculated. A 3 X 3 pixel region of each image was averaged to correspond to
our spatial resolution of 0.06 arcseconds. The average central I/F at each date of
observation is shown in Table 2. Since the sub-Earth latitude varied, the equator
was not always located at the center of the images; however in every case it was
within 16.6 degrees of the center (the maximum sub-Earth latitude being -16.6°),
in which range the 1-D radiative transfer approximation should still be valid. For

the case of a central longitude of 125° we have two measurements made in 1996 and
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1997; these were averaged together to obtain the modeled value.

[Table 2 here]

To calculate photon transport we used two radiative tranfer codes: DISORT
(Stamnes et al. 1988), which is a multi-stream model, and the modified two-stream
model described by Toon et al. 1989, which we used in our previous modeling of
Titan (Gibbard et al. 1999). This model has also been applied to Titan by Toon et
al. (1992), and Hutzell et al. (1993, 1996). Our nominal DISORT model used 16

streams; the effect of using a smaller number of streams is discussed below.

Our model atmosphere is divided into 2 vertical layers, each of which has a value
for the haze and gas optical depths. The haze is confined to the top layer, with
methane underneath. The methane is assumed to be completely absorbing within
the fraction of the filter that is in the methane band (this fraction is estimated to
be 59% for K’, based on measurements taken at 206K at 0.5 km amagat (Figure 4;
Caitlin Griffith, personal communication)), and to be

[Figure 4 here]

transparent outside of the methane absorption band. (The effect of a higher
amount of atmospheric absorption was also considered, as discussed below). Scat-
tering parameters for the haze are as described in Gibbard et al. 1999: a scattering
asymmetry factor of 0.2 and a single scattering albedo of 0.85. The single criterion
for goodness of fit is that the model should reproduce the equatorial I/F seen in
our images of Titan for a given longitude. For each image there are two free pa-
rameters: the surface albedo and the haze optical depth. Obviously then we cannot
uniquely determine either variable. However, under the assumption that Titan’s

equatorial haze optical depth remained roughly constant over the period when our
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images were taken, the surface albedo at different longitudes around the equator
can be estimated provided that a single values for the haze optical depth is adopted.
If the optical depth does vary significantly as a function of time, the situation is
more complicated, because the surface albedo at each latitude can only be specified

provided the appropriate haze optical depth for each date of observation is known.

5. Equatorial Surface Albedo

Titan’s surface albedo provides clues to its surface composition. In the past sug-
gested surface compositions ranged from liquid hydrocarbon oceans (Lunine 1983)
to solid rock or ice/hydrocarbon mixtures (Muhleman et al. 1991, Griffith et al.
1991). More recently Coustenis et al. (2001) suggested that the bright material
on Titan probably contains more than one component, perhaps including methane
or ethane frost and water ice as well as organics. Despite the likely presence of
hydrocarbons on Titan’s surface, there is evidence that ice is extensively exposed

there (Griffith et al. 2003).

The most striking feature on Titan’s surface is the bright feature on the leading
hemisphere near 90° longitude. This feature was noted by Lemmon et al. (1993)
and Griffith (1993) as a variation in Titan’s near-infrared disk-averaged albedo,
and was resolved by the HST (Smith et al. 1996), speckle imaging (Gibbard et al.
1999) and adaptive optics images (Coustenis et al. 2001, Combes et al. 1997). The
equatorial region of the trailing hemisphere appears to be considerably darker.

[Figure 5 here]

Figure 5 shows the equatorial surface albedo derived for the central meridian

longitude of each image as a function of the haze optical depth. Note that we do not

12



have images centered directly on 90° longitude, the center of Titan’s bright feature,
so the true peak albedo may be somewhat higher than the albedo found for 125°.
The possible surface albedo ranges from near 0 for the darkest regions of the trailing
hemisphere for the case of 7 = 0.3 to a maximum of ~ 0.2 for a longitude of 125°
under the (unrealistic) assumption of 7 = 0. If we take the value of 7 to be close to
that given by Griffith et al. (2003) (about 0.2) then the surface albedo at the given
central longitudes ranges from 0.03 to 0.16. However, Titan’s haze optical depth is
not uniform in latitude, and the value of 0.2 may not accurately characterize the
haze optical depth at the equator. Also, the haze optical depth is varying in time

as the seasons change on Titan (Lorenz et al. 2001).

6. Titan’s haze optical depth at 2 microns

When Voyager I visited Titan in 1980, the northern hemisphere was darker than
the south at visible wavelengths (Sromovsky et al. 1981) which implies greater haze
optical depth in the north at this time; in the 1990’s, when the spatial resolving
power of the Hubble Space Telescope became available, it was found that the bright-
ness asymmetry had reversed (Caldwell et al. 1992, Lorenz et al. 1997b). It is not
known, however, whether this reversal takes place gradually, or occurs as a rela-
tively rapid change. Also not known is the exact mechanism that produces the
change. It appears that the albedo difference is not driven by an increase in the
haze production rate, since the response of the haze to changes in production rate
is too slow (Hutzell et al. 1993). The data seem to be fit best by a change in num-
ber density of the haze with altitude, driven by circulation (Tokano et al. 1999).
Titan’s haze distribution appears to consist of a general tropospheric haze, overlain

by a detached higher-level haze in the winter hemisphere, and polar hoods (Rannou
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et al. 2002).

Although our current modeling does not allow us to calculate an exact value for
Titan’s haze optical depth, a maximum value can be determined by noting that for
a value of 7 = 0.3 the implied surface albedo at the darker longitudes of the planet
is zero. This remains true even for the case where the fraction of the light from the
surface in the K’ filter is as little as 20% (half the nominal value), as discussed below.
Therefore we believe that, given the assumptions we have made, the equatorial haze
optical depth on Titan during this time period did not exceed 0.3. A minimum value
for 7 is not obvious, although it does have a value significantly greater than zero,
evident from Titan’s strong limb brightening. A model using spherical particles
(McKay et al. 1989) predicted a value of 0.5 for the haze optical depth at 2.1
microns, compared to a predicted value of 0.3 for fractal particle models (Rannou
et al. 1995). It thus appears that fractal models are more consistent with the

observed haze optical depth on Titan.

7. Discussion

Errors. There are several possible sources of error in our calculations. First,
there is error due to inaccuracies in the radiative transfer modeling. Second are
errors resulting from the use of parameterized haze models, with parameters whose
accuracy is uncertain. Lastly, there are night-to-night variations due to variations in
observing conditions and the resulting accuracy of photometry and deconvolution of
the speckle images. The errors in our photometry (based on multiple observations
of a reference star) varied from night to night but were typically on the order of

10%.
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Our nominal model used a 16-stream version of the DISORT code (Stamnes et
al. 1988). We also performed calculations using 4-stream and 8-stream DISORT
models, as well as a modified 2-stream model (Toon et al. 1989) that we have used
in previous modeling of Titan’s atmosphere (Gibbard et al. 1999). Results from the
comparison of the 4-stream model to the nominal model showed that differences in
the central disk I/F ranged from 0.6 to 5.3% (the I/F for the 4-stream model being
lower in every case), while the 8-stream model had an I/F that was lower than the
16-stream model by 0.01 to 0.6%. Therefore in this case an 8-stream model does
appear to be comparably accurate to the 16-stream model. Results for the Toon
et al. model were more mixed, as shown in the comparison in Table 3. The Toon
et al. model typically give higher central disk albedoes for low values of the haze
optical depth, and slightly higher values than the 16-stream DISORT models for
larger values of 7. In general agreement with the DISORT code improved for larger
values of 7.

[Table 3 here]

Another parameter we have adopted that is significantly uncertain is the frac-
tion of light in the K’ band that actually comes from Titan’s surface. In our nominal
model this fraction is 41%, based on integration of a methane absorption spectrum
taken at 206K at 0.5 km amagat (fig. 4). However, since there is uncertainty about
the methane spectrum for temperatures and pressures that correspond to Titan’s
atmosphere, the actual fraction of light from the surface may differ. To get a feel
for the difference this would make in our derived surface albedoes, we have also
considered models in which the fraction of light from the surface is only 20%. Re-
sults from this modeling are shown in Fig. 6. In this case surface albedoes would

obviously be higher, ranging up to even 0.3 or 0.4 in the brightest regions. However,
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note that for 7 = 0.3 the surface albedo of the darkest regoins would still be zero.
For a haze optical depth of 0.2 the surface albedo would range from 0.07 to 0.32.

[Figure 6 here]

Clouds. The first claim of cloud detection on Titan was based on spectroscopic
evidence from Griffith et al. (1998), work which later indicated the detection of daily
clouds (Griffith et al. 2000). Clouds have recently been detected in Gemini and Keck
adaptive optics observations by Roe et al. (2002) and Brown et al. (2002). These
clouds occur in Titan’s southern hemisphere, and the deduced altitude (Griffith et
al. 1998, Brown et al. 2002) is 16 km, in the middle of Titan’s troposphere (the
fainter clouds detected by Griffith et al. 2000 were calculated to occur at a higher
altitudes of ~ 27 km). This is similar to the altitude suggested by Tokano et al.
(2001) for maximum likelihood of cloud formation in a supersaturated atmosphere.
It was suggested by Brown et al. 2002 that the higher temperature at Titan’s south
pole during summer solstice could cause the atmosphere to be marginally unstable to
convection, triggering the formation of clouds. Alternatively, or additionally, Roe et
al. (2002) postulates the presence of ethane-coated particles in the troposphere near
the south pole which rain out from the polar stratospheric haze cap. Such particles
could act as condensation nuclei for methane gas, driving moist convection. On the
other hand, the clouds considered by Tokano et al. (2001) would form in a highly
supersaturated region, and would have a very short lifetime. In this case, the clouds
would evaporate before reaching the surface, and Titan’s hydrological cycle would

take place entirely within its atmosphere.

Our detection of possible clouds on Oct. 7,9, and 14 1998, and the absence of
such features from our observations in 1996, 1997, and July 1998, indicates that

clouds (or at least distinct bright cloud features) may have been episodic, occuring
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over timescales of days or weeks. The detection of such clouds indicates that favor-
able conditions existed for cloud formation at the south pole at least several years
before the summer solstice in October 2002. If the Griffith et al. (1998) bright
cloud seen in 1995 also occurred in the southern hemisphere, this would indicate
that clouds may occur long before the time of maximum insolation, and are not
caused solely by a very high temperature at the south pole. It suggests that the
presence of condensation nuclei is more important, in which case the dissipation of
the southern polar haze cap could lead to the end of cloud formation there. This
theory also predicts that the formation of haze over the northern pole would lead
to the formation of clouds in the northern hemisphere after the particles have had

enough time to fall down to the troposphere.

Titan surface albedo. Based on single-wavelength observations it is impossible
to determine the surface composition of Titan. Observations by Coustenis et al.
(1995) indicated that Titan’s surface albedo was compatible with the presence of
water ice and another component, probably organics. Their later observations at
several different infrared wavelenths (Coustenis et al. 2001) suggest that the bright
material on Titan’s leading hemisphere is not simply water ice, which should not
appear bright at both 1.6 and 2 microns. Coustenis et al. speculate that that the
bright material may consist of methane or ethane frost and water ice, probably
combined with organic material. Recent observations by Griffith et al. (2003)
indicate that Titan’s disk-integrated albedo over a large range of wavelengths is

consistent with exposed water ice.

Titan’s surface albedo at 2 microns has been estimated by previous researchers,
including Coustenis et al. 1995 (0.24 for the bright terrain and 0.17 for the dark

terrain), Lemmon et al. 1995 (0.27 for the bright terrain and 0.07 for the dark
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terrain), Griffith et al. 2003 (0.12 for the leading hemisphere and 0.08 for the
trailing hemisphere), and Bouchez et al. 2000 (values ranging from 0.07-0.15).
Based on our modeling the most likely surface albedo values for our nominal model
are in the range of 0.15-0.2 for the brightest and 0.04-0.08 for the darkest equatorial

regions.

Although there is currently some variation in the albedo values found by dif-
ferent observers, one thing that is clear from all observations is that Titan’s surface
is heterogenous and that there is a large albedo contrast between features such as
the bright region near 90°W longitude and the much darker equatorial region on

the trailing hemisphere.

Haze optical depth. Based on the increased limb brightening in the south com-
pared to the north, easily visible in fig. 1, our observations from 1996-1998 indicate
greater haze optical depth at K band in the southern hemisphere than in the north.
The north/south haze asymmetry is believed to be a seasonal effect, with maxi-
mum haze optical depth shifting from pole to pole during Saturn’s 30-year orbital
period around the Sun (Lockwood et al. 1986). Voyager observations showed that
the northern hemisphere of Titan was darker than the south at visible wavelengths
in 1980 (Sromovsky et al. 1981). This implies greater haze optical depth in the
north at that time for visible wavelengths, which probe upper layers in Titan’s at-
mosphere. Observations by the HST over the period from 1994-2000 (Lorenz et al.
2001) indicate that seasonal changes in Titan’s haze distribution have occurred at
visible and near-infrared wavelengths up to 889 nm. However, Lorenz et al. find
that filters which probe more deeply into the atmosphere, such as 600-700 nm and
820 and 940nm, had not shown a reversal in haze asymmetry. They suggest that

Titan’s seasonal cycle of haze redistribution has an altitude-dependent phase lag,
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such that the haze at higher altitudes is redistributed before haze at lower altitudes.

Our own observations support the idea that Titan’s haze asymmetry had not yet
(as of 1998) shown a reversal at K band (2 microns), a filter that probes relatively
deeply into the atmosphere. The constraint we derive for the equatorial haze optical
depth (< 0.3) is consistent with values given by Griffith et al. (1991,2003) and by
Bouchez et al. (2000) (0.04 in the northern mid-latitudes and 0.2 above the south
pole). Both our values and those of Bouchez et al. and Griffith et al. are lower
than predicted from either spherical or fractal haze particle models (McKay et al.

1989 and Rannou et al. 1995).

8. Conclusions

Observations of Titan using speckle imaging at the W.M. Keck I Telescope
allow us to obtain excellent spatial resolution (0.06” across the disk of Titan) at
a wavelength range that probes both Titan’s surface and atmosphere. These im-
ages show a variety of surface features on Titan, and yield constraints on the haze
optical depth in Titan’s atmosphere. They also suggest the presence of episodic
clouds in the southern hemisphere, in agreement with recent adaptive optics obser-
vations (Brown et al. 2002, Roe et al. 2002). Titan’s north/south asymmetry in
atmospheric brightness has continued to be pronounced at 2 microns in the period
from 1996-1998. Since HST observations indicate that this asymmetry had begun
to reverse at shorter wavelengths during this time, this suggests a difference in haze
density in the two hemispheres at a relatively low altitude. Variations in surface
reflectance, on scales that can only be resolved by high-resolution imaging, indicate
a highly heterogenous surface. This includes equatorial bright areas with an albedo

that we found to be 0.15-0.20, and darker areas with reflectance < 0.08 which
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might be covered by deposits of organic solids or liquid hydrocarbons. More accu-
rate modeling of Titan’s atmosphere and surface awaits an accurate determination
of Titan’s atmospheric structure (which should be provided by the Cassini Huygens
probe in early 2005), as well as a radiative transfer model that fully considers the

3-dimensional nature of Titan’s atmosphere.
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FIGURE CAPTIONS

Fig. 1: Reconstructed speckle images from each of the 14 nights of observation.
Sky north is up, sky east (the direction of increasing Titan longitude) is to the left.

Details on each image can be found in Table 1.

Fig. 2: Images of stars observed within a few hours of each Titan observation,
indicating the stars’ full width half maximum, in arcseconds. The stars were speckle-

processed using the same procedure used for the images.

Fig. 3: The full set of 100-frame stacks obtained on October 14, 1998, showing
the presence of a bright feature near the southern left limb of the satellite. These

stacks were added together to produce the final image shown in Fig. 1.

Fig. 4: Methane transmission as a function of wavelength over the K’ band.
An integration of this spectrum leads to the nominal number of 41% transmission
over the K’ band. Figure is based on a methane absorption spectrum taken at 206K

at 0.5 km amagat (Caitlin Griffith, personal communication).

Fig. 5: Equatorial surface albedo as a function of latitude on Titan. The
albedoes are derived from the central latitude of each image, as described in the
text. Assuming a constant equatorial haze optical depth, albedo curves can be
constructed for each value of 7. Note that a maximum 7 of 0.3 is implied by the

fact that larger 7 would give a negative surface albedo.

Fig. 6: Equatorial surface albedo as a function of latitude on Titan, assuming
a model where the surface contribution to the images is 20% (compared to the
nominal value of 41%). This leads to higher maximum surface albedoes (compare

to fig. 5), and more variation between the minimum and maximum albedoes for a
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given value of 7. As in fig. 5, a maximum 7 of 0.3 is implied.
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Table 1

Titan Observations at 2 microns

Date (UT) Time (UT)* no. PSF star photo. sub-E sub-E  Phase app. size. geom.
frames standard lat (°) lon (°) angle (°) (arcsec) alb.
Sept. 6 1996 11:21 500 SAO128735 FS34 0 125 2.2 0.830 0.057
Oct. 10 1997 11:09 600 SA0109682 SJ9105 -10 125 0.3 0.846 0.047
Oct. 11 1997 10:39 800 SA0109660 SJ9101 -10 145 0.3 0.847 0.050
Oct. 13 1997 7:42 700 SA0109660 SJ9182 -10 187 0.4 0.847 0.050
July 27 1998 14:01 800 SA0110336 SJ9182 -16.6 177 6.3 0.769 0.044
July 29 1998 13:52 800 SA0110320 SJ9183 -16.6 222 6.3 0.771 0.043
July 30 1998 13:57 800 SA0110320 SJ9101 -16.6 244 6.3 0.773 0.044
July 31 1998 12:57 1200 SA0110320 SJ9101 -16.6 267 6.2 0.774 0.044
Aug. 11998 13:31 600 SAO110312 SJ9186 -16.6 290 6.2 0.775 0.040
Oct. 7 1998 11:44 400 PPM145144  SJ9108 -15.6 3 1.9 0.851 0.055
Oct. 8 1998 9:21 800 PPM145232  SJ9182 -15.6 22 1.8 0.852 0.056
Oct. 9 1998 8:10 1000 SA0110324 none -15.6 45 1.7 0.852 0.055**
Oct. 10 1998 7:59 600 SA092726 SJ9101 -15.6 68 1.6 0.853 0.054
Oct. 14 1998 13:15 800 PPM145176  SJ9182 -15.5 162 1.2 0.856 0.052

* Time of beginning of observations
**Estimated from average of Oct. 8 and Oct. 10



Table 2
Central I/F vs. Longitude

Date Central Longitude Central Albedo
Oct. 7 1998 3 0.057
Oct. 8 1998 22 0.055
Oct. 9 1998 45 0.063
Oct. 10 1998 68 0.058
Sept. 6 1996 125 0.084
Oct. 10 1997 125 0.078
Oct. 11 1997 145 0.051
Oct. 14 1998 162 0.056
Jul. 27 1998 177 0.050
Oct. 13 1997 187 0.036
Jul. 29 1998 222 0.057
Jul. 30 1998 244 0.038
Jul. 31 1998 267 0.048

Aug. 11998 290 0.045




Table 3: Comparison of Titan Central Albedo for 2 Radiative Transfer Models

S. alb.=0 0.05 0.1 0.15 0.2

7= 0.05, Toon et al. model  0.02 0.04 0.05 0.07 0.09
DISORT model 0.01 0.02 0.04 0.06 0.08
7=0.1, Toon et al. model 0.02 0.04 0.06 0.07 0.09
DISORT model 0.01 0.03 0.05 0.07 0.08
7=0.2, Toon et al. model 0.03 0.05 0.06 0.08 0.09
DISORT model 0.02 0.04 0.06 0.07 0.09
7=0.3, Toon et al. model 0.04 0.05 0.06 0.08 0.09

DISORT model 0.04 0.05 0.07 0.08 0.10
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Figure 3
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